Purpose -To introduce recent research and development of biopolymer deposition for freeform fabrication of three-dimensional tissue scaffolds that is capable of depositing bioactive ingredients. Design/methodology/approach -A multi-nozzle biopolymer deposition system is developed, which is capable of extruding biopolymer solutions and living cells for freeform construction of 3D tissue scaffolds. The deposition process is biocompatible and occurs at room temperature and low pressures to reduce damage to cells. In contrast with other systems, this system is capable of, simultaneously with scaffold construction, depositing controlled amount of cells, growth factors, or other bioactive compounds with precise spatial position to form complex cell-seeded tissue constructs. The examples shown are based on sodium alginate solutions and poly-1-caprolactone (PCL). Studies of the biopolymer deposition feasibility, structural formability, and different material deposition through a multi-nozzle heterogeneous system are conducted and presented. Findings -Provides information about the biopolymer deposition using different nozzle systems, the relations of process parameters on deposition flow rate and scaffold structural formability. Three-dimensional alginate-based scaffolds and scaffold embedded with living cells can be freeform constructed according to various design configurations at room temperature without using toxic materials. Research limitations/implications -Other biopolymers may also be studied for structure formation. Studying cell viability and cellular tissue engineering behavior of the scaffolds after the cell deposition should be further investigated. Practical implications -A very useful and effective tool for construction of bioactive scaffolds for tissue engineering applications based on a multinozzle biopolymer deposition. Originality/value -This paper describes a novel process and manufacturing system for fabrication of bioactive tissue scaffolds, automatic cell loading, and heterogeneous tissue constructs for emerging regenerative medicine.
Introduction
Tissue engineering is considered to be the most innovative approach for tackling many diseases and body parts that need to be replaced (Langer, 2000; Langer and Vacanti, 1993; Vacanti and Langer, 1999) . Up to date, the ideal approach for perusing engineered tissue parts involves three subsequent procedures. First, the biological cells are identified and gathered in sufficient numbers. Second, the suitable biomaterial is identified and designed accordingly to host the gathered cells. Finally, the cells are seeded into the biomaterial for cell culturing in vitro or in vivo. Another approach of engineering tissue is to encourage cells in the host to populate in to the biomaterial structure upon implantation (Bhatia and Chen, 1999) . The biomaterial that is designed for housing the cells is referred to as scaffolds and is usually three-dimensional. Biomaterials are used as scaffolds for their uniqueness of being biocompatible, which mean that they will not be rejected by the body upon implantation. These biomaterials are fabricated from a wide range of materials that could be inorganic synthetic such as metals, ceramics, and polymers or from organic materials such as proteins, chitosan, and alginate.
Scaffolds used in tissue engineering are also required to have specific properties that are vital for cell regeneration (Leong et al., 2003) . In order to fabricate scaffolds with such properties, a fabrication method that maintains a high level of accuracy is necessary to maintain the consistency and repeatability in accordance to the initial design. Unlike the conventional fabrication techniques, solid freeform fabrication (SFF) has no restriction to on shape control and consistency. SFF are computerized fabrication techniques that can rapidly produce highly complex three-dimensional objects using data from CAD systems and computer medical imaging equipment such as MRI and CT scans. The fabricated three-dimensional structures are built by reducing CAD designs of particular prototypes into a group of sliced two-dimensional layers, to where the prototyping material is deposited to build the final structure in a layer-by-layer process. This makes SFF techniques very attractive for tissue engineering scaffold fabrication applications (Sun et al., 2004a The authors acknowledge support from Therics, Inc. for the solenoid nozzle system and partial material delivery system, as well as Dr F. Wang's early assistant in the development of the motion and control system for the multi-nozzle deposition system. Hydrogels based on both natural and synthetic polymers have been of interest for encapsulation of cells and most recently such hydrogels have become especially attractive to the new field of tissue engineering as matrices (Hoffman, 2002; Lee and Mooney, 2001) . PCL has also proven to be a good candidate for scaffolds (Ciapetti et al., 2003; Zein et al., 2002) . The deposition of polymers can be controlled through various techniques for the fabrication process (Poncelet et al., 1999; Calvert and Liu, 1998; Landers et al., 2002; Vozzi et al., 2002; Wang et al., 2004; Sun et al., n.d.) . This paper presents three types of nozzle systems that can be used to deposit sodium alginate solutions and one to deposit PCL for the fabrication of three-dimensional structures. A comparison of the four systems is also presented, in addition to the operating parameters and performance of the systems.
System configuration
We have developed a multi-nozzle biopolymer deposition system which is capable of extruding biopolymer solutions and living cells for freeform construction of 3D tissue scaffolds (Sun et al., 2004b Khalil et al., 2004) . The deposition process is biocompatible and occurs at room temperature and low pressures to reduce damage to cells. Other SFF manufacturing methods utilize harsh solvents, high pressures or temperatures, or post-processing methods that are not suited for working with bioactive materials. By contrast, our system is capable of, simultaneously, with the scaffold construction, depositing controlled amount of cells, growth factors, or other bioactive compounds with precise spatial position to form well-defined cell-seeded tissue constructs. This process may solve the problem of cell loading of preformed scaffolds which hitherto has been a significant barrier in tissue engineering.
An information pipeline of multi-nozzle biopolymer deposition system for freeform fabrication of tissue constructs is shown in Figure 1 . As shown in the figure, the data processing system processes the designed scaffold model and converts it into a layered process tool path. The motion control system is driven by the layered manufacturing technique; the material delivery system consists of multiple nozzles with different types and sizes, thus enabling the deposition of specified hydrogels with different viscosities for constructing 3D tissue scaffolds. Four types of the nozzles are used in the system: solenoid-actuated nozzles, piezoelectric glass capillary nozzles, pneumatic syringe nozzles, and spray nozzles, with size ranges varying from 30 to 500 mm. The system can continuously extrude hydrogel gels, or form hydrogels in single droplets with picoliter volumes. The multiple nozzle capability allows us to simultaneously deposit cells, growth factors, and scaffold materials, thus enabling the construction of heterogeneous scaffolds with bioactive compounds, or establishing functional gradient scaffolds with different mechanical/structural properties in different scaffold regions.
The multi-nozzle biopolymer deposition system consists of four different micro-nozzles: pneumatic microvalve, piezoelectric nozzle, solenoid valve, and precision extrusion deposition (PED) nozzle, as shown in Figure 2 . A material delivery system was assembled to supply the nozzles with the appropriate biopolymer. The system consisted of an air pressure supply both positive and negative, a material container or reservoir, and a material delivery tube. Each nozzle system had its independent parameters adjusted as required, such as the air pressure and biopolymer concentration.
As an example, Figure 3 shows a schematic diagram of pneumatic microvalve system. Pneumatic microvalve is a typical mechanical valve that opens and closes the valve via an applied air pressure and is regulated by a controller. The system could work in extrusion or droplet mode. In extrusion mode, the controller applies pressure to open the valve by lifting the piston against the spring that lifts the needle from the needle seat. The biopolymer material is then extruded out of the nozzle tip under an applied pressure that is adjusted through the material delivery system. The extrusion is ended when the controller shuts the valve by placing the needle back to the needle seat. The pneumatic valve could perform in droplet mode by repeating the continuous mode in a cyclic manner. Multiple pneumatic valves were simultaneously operated for performing heterogeneous deposition in the development of the 3D alginate scaffolds.
Figure 1 Configuration of biopolymer deposition system
In general, there are two modes of biopolymer deposition; the extrusion mode and the droplet mode. In the extrusion mode, the material is extruded out of the nozzle tip under an applied pressure. This mode can basically lay down the material in the form of line structures to create the desired model by moving the nozzle tip over a substrate in the designed path. This process can be repeated layer by layer to develop a freeform fabricated part. In the droplet mode, the material is deposited in the form of droplets that is controlled by using a frequency function and key parameters in the nozzle system settings. The droplet mode can form a structured layer by depositing multiple droplets at desired locations on a substrate. Similarly, this process can be repeated to fabricate a 3D structure. Figure 4 shows a schematic diagram of the extrusion and droplet mode for the deposition.
Each nozzle system is unique in its method of operation, which makes each system have its advantages and limitations over the others. All nozzle systems have a material delivery system; however, the detailed set-up for each system is different and the material delivery system parameters such as air pressure are not controlled by in-house software.
Characteristics and comparison of the four nozzle systems with their advantages and limitations is shown in Table I .
Preliminary results

Preliminary data on biopolymer deposition
We have conducted some preliminary studies on using the multi-nozzle biopolymer deposition system to construct 3D biopolymer based tissue scaffolds. For example, shown in Figure 5 are, several 3D hydrogel scaffolds (ten layers, calcium alginate), extruded as a 3 percent (w/v) alginate filament within a cross-linking solution (Figure 5(a) ) and simple alginate geometrical pattern ( Figure 5(b) ). Depending upon the size of the syringe nozzle, the pressures used, and the type of deposition method (extrusion), we were able to create alginate filaments within the 30-40 micron range ( Figure 5(c) ) for 3 percent (w/v) sodium alginate solution with a 5 percent (w/v) calcium chloride cross-linking solution, at 0.50 psi.
The deposition flow rates were calculated by weighing the solution mass on a balance at a time interval to obtain the 
Multi-nozzle heterogeneous printing
Feasibility of printing different materials through multi-nozzle heterogeneous are shown in Figures 9-11 . For example, the materials being simultaneously deposited, as shown in Figure 9 , contain different alginate solutions at concentrations in the range of 0.1-0.4 percent (w/v), with the yellow material also containing microspheres.
Example of deposition geometry with complex pattern is shown in Figure 10 .
Construction of 3D structures
The pneumatic microvalve nozzle was used to construct 3D tissue scaffolds. The diameter of the nozzle tip was 250 mm and the velocity and pressure were 10 mm/s and 16 psi. Experiments were set to investigate the effect of the early deposition termination (EDT) on the geometrical formation of the 3D scaffolds. The first EDT tested was at 0 mm/s, which means that the valve was closed at the very end of the formation of every straight line. The results were analyzed using an optical digital camera that viewed that excess material was deposited at the curved line structures at the edge perimeter of each layer. It was observed that the diameter of the curved sections (310 mm) were much larger than the straight lines (270 mm) shown in Figure 11 (a). As a result, the 3D alginate structure was thicker around the edges and caused concaving of the scaffold after 20 layers as shown in Figure 11 (b). The second EDT tested was at 1 mm/s so that the valve would close 1 mm prior to the end point of the straight line formation. The image shown in Figure 12 (a) reveals that the diameter of the curved portion of the alginate strand is almost equal to the straight strands. As a result, the 3D alginate structure is fabricated uniformly up to 40 layers without geometrical defects as shown in Figure 12(b) . Figure 14(a) and (b) shows the third and last EDT experiment for the valve close 2 mm prior to the end point of the straight line formation. It was observed through the images in Figure 13 that the lines formed were not placed as was originally designed and as a result constructed an irregularly shaped alginate 3D scaffold. This resulted from the relatively large EDT (2 mm/s) that caused dragging of the alginate strands every time the valve was closed. The EDT at this parameter forced the nozzle tip without any deposition for a particular distance. The alginate strand was attached to the nozzle tip because of the calcium chloride crosslinking solution during the time where the nozzle was traveling without any deposition. An analytical model for the EDT is currently under development.
The distance recorded between the struts was found to be 920 mm and the length of the square pore was found to be 650 mm for the scaffolds fabricated with EDT at 1 mm. The struts showed uniform geometry at a diameter of 270 mm as shown in Figure 14 .
Preliminary results on deposition of cell-hydrogel threads
Preliminary cell deposition/extrusion studies were conducted by extruding alginate hydrogel mixed with human endothelial cells ( Figure 15 ) and fibroblast cells (Figure 16 ) at a cell concentration: 750,000 cells/ml with sodium alginate: 1.5 percent (w/v), nozzle: pneumatic 200 mm at pressure: 2 psi, deposition speed: 10 mm/s, and calcium chloride: 5 percent (w/v) ( Figure 15 ). As shown in the figures, cells were able to be deposited with alginate solution to form cell-embedded hydrogel threads. The survivability of the cells after the deposition under the given process condition was averagely above 85 percent and the cells were cultured and proliferated in 7 days after the deposition. Detailed experiments for the effect of the process parameters on the scaffold cellular biological behavior is currently conducted.
Conclusion
A multi-nozzle system was integrated into a 3D motion system for SFF of tissue engineering applications. The freeform SFF system also accommodated a material delivery system of various arrangements to accustom each nozzle system. The four nozzle systems were the pneumatic microvalve, piezoelectric nozzle, solenoid microvalve, and the PED. The former three were capable of depositing sodium alginate aqueous solutions of various viscosity ranges.
The pneumatic nozzle system is a robust system that is fairy simple to operate with few parameters to deal with. It can operate at relatively high pressures that allow it to deposit biopolymers with viscosities over 2000 cP. The piezoelectric nozzle system was capable of depositing flow rates as low as Figure 8 Frequency vs flow rate for 0.4 percent (w/v) sodium alginate aqueous solution at 3 mills using the solenoid nozzle system Figure 6 Pressure vs flow rate for 3 percent (w/v) sodium alginate solution (using the pneumatic nozzle system) Figure 7 Frequency vs flow rate for 0.4 percent (w/v) sodium alginate aqueous solution (using the piezoelectric nozzle system) 0.001 ml/s in the form of microdroplets, which classifies it as the system with the lowest capable flow rate deposition out of the four. Precise deposition could be achieved using this system; however, there is an operating window in which the deposition could only occur in. This operating window can be extrapolated by changing the voltage timing profile, which needs to be adjusted for every new concentration of the same biopolymer. The solenoid microvalve could deposit sodium alginate at various parameters in droplet mode. Micro droplets cannot be formed below a certain pressure or frequency values for every concentration. The biopolymer depositions depend on the parameters that are adjusted for system. The flow rates could be controlled by these parameters and can therefore control the amount of material that is desired to for a structure at specific locations given by the freeform fabrication design model.
On-going research is conducted to establish the process model and to investigate the effect of the process parameters on the polymer deposition and structure formation of 3D tissue scaffolds. Biological studies are also carrying on for understanding cell survivability under the deposition and the cellular behavior of cell proliferation, migration, and celltissue formation after the deposition. 
